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Minimally invasive single-site surgery has been shown to reduce the invasiveness of surgery by 
requiring only one incision to access the abdominal cavity. However, this technique presents the 
surgeon with unique challenges and requires the development of new robotic platforms and surgical 
tools. To address these challenges, a 20 mm trocar is designed to guide the serial insertion and assembly 
of three individual 3D printed, 8 mm, 5+1 degree-of-freedom (DOF) manipulator tools and a standard 8 
mm laparoscopic camera through a single port. Each dexterous manipulator is remotely driven by 12 
actuation tendons and is composed of rigid links joined by hybrid flexure hinges. For ensuring large 
transition of the vision scope, a holding frame of the trocar is introduced. The holding frame consists 3 
degree-of-freedom (DOF) rotating which enable a pivot point where the incision goes through, and one 
additional DOF that controls the incision depth. Haptic devices are applied for translating the dexterity 
of the human arm to both the internal operating field and the external positioning frame. 
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Minimally invasive robotic surgery has enabled surgeons to perform many complex procedures 
with more precision and flexibility than is possible using traditional laparoscopic methods. This work is 
to give flexible, low-cost, Single Port Minimally Invasive Robotic Surgical Platform. From the former 
work, a dual-manipulator SPLS system with its own robotic surgery digital simulator have been 
accomplished. This work aims specifically at providing the surgeon with a dexterous, light-size robotic 
surgical platform that maps the arm operating to the internal operating zone with minimal invasiveness. 
1.2 Objectives 
The primary objective for this research is to develop a comprehensive robotic surgery platform that 
consists of multiple serial inserted 6 degree of freedom tools and one 4 degree of freedom light-weight 
supporting frame. This objective was achieved by the following tasks: 
1. Mechanical design, manufacturing and assembly of the supporting frame prototype. Including 
building the drives and electronic supports for the supporting frame. 
2. Develop control algorithms for both manipulator tools and supporting frame, by modeling the 
kinematics and dynamics for both systems, improve the performance of the manipulator 
prototype by applying friction compensation. 
3. Further developing the software for control and imaging system, providing an interface where 







This thesis is divided into 9 chapters, the contents of which are stated as the following: 
 
Chapter 2 contains a literature review, traditional laparoscopic surgery and robotic platforms that are 
previously constructed have been stated. 
Chapter 3 contains a short description for the former design of the manipulator, and states the inverse 
kinematics and dynamics used in the control of the manipulator, and working space analysis for the 
manipulator tool 
Chapter 4 contains a short description of the teleoperation scheme and showing the improvement in 
the performance of the manipulator prototype by applying friction compensation from the experimental 
results. 
Chapter 5 contains a description for the design of the supporting frame, including the four-bar structure, 
fixed pivot point, and motor placement that minimizes the required driving torque. Also contains the 
drive module selection for the system 
Chapter 6 contains the inverse kinematics and dynamics used in the control of the supporting frame, 
and contains the control scheme for the frame 
Chapter 7 contains a description of the control algorithm for the supporting frame, including both 
gravity compensation in initializing the system and input signal tracking in surgery process, and contains 
a discussion of the experimental results of the supporting frame 





In addition to tradition robotic SPLS surgery functionality, the work stated here would advance 
the adaptivity and lower the price for minimally invasive robotic systems, also smaller port would be 
introduced using this method. First, using the scheme we develop, both the size and weight for the 
whole system are reduced. For the first stage completed system, manipulators and supporting frame 
can be transported by a normal suitcase. Comparing to the Da Vinci surgical systems, our systems give 
better portability. And due to the innovative mechanical design of the supporting frame and insertion 
frame, we reduce the volume and weight of robot systems to a relatively low level that it can be fit in 




Laparoendoscopic single-site surgery (LESS) has been viewed as an important step for reducing 
the invasiveness of surgical procedures. Whereas traditional multiport laparoscopic surgery involves 
multiple incisions [1], The LESS technique is performed by inserting 2 to 3 curved laparoscopic tools 
through a single flexible port often located in a single incision made at the umbilicus [2]. The LESS 
technique should then, in theory, better for patients because it requires only one incision. However, 
LESS remains an unpopular technique due to the many challenges it presents to the surgeon. 
Traditionally, in LESS procedures, surgeons must coordinate the end-effector motion of rigid bent tools 
that are crossed at the point of incision. This causes an unnatural inverted hand-eye coordination and 
clashing where the tools cross. Robotic surgery platforms with increased manipulator dexterity should 
enabled surgeons to overcome this unnatural inverted motion and perform many complex procedures 
with more precision and flexibility than is possible using traditional LESS methods. 
In recent years, several multi-port robotic platforms have been developed. Intuitive Surgical’s Da 
Vinci [3] was approved by the Food and Drug Administration (FDA) in 2000 and remains the only 
commercially available robotic system for multi-port laparoscopic surgery. Da Vinci’s success was due, in 
part, to the invention of a 3 DOF tendon-driven manipulator tool referred to as Endowrist®. Combined 
with the dexterity of the external robot arms, the Endowrist® gives the Da Vinci platform outstanding 
maneuverability with a total of 6 DOF at the tool tip. The Da Vinci platform can be retrofitted to be used 
in LESS procedures [4], however, due to the high cost, arm collisions and size, [5] the number of possible 
surgical procedures are limited. 
Researchers have proposed single port robotic platforms with the aim of minimizing 
invasiveness and the recovery time for patients. Cheon et al. [6] constructed a single port robotic 
platform capable of a large workspace in the abdominal cavity. They made use of plate springs in place 
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of tendon-based actuation. This allowed greater applied forces at the end-effector. However, the 
actuator platform and port size are quite large. Dolghi et al. have developed a platform with two robotic 
arms with rigid links and a laparoscope called SISR [7]. They embedded small DC motors in the 
manipulator body at each joint. While this method does avoid complex tendon routing within the 
manipulator, additional complexity is introduced by replacing the cables with miniature motors, gears, 
and bearings. Manufacturing and assembly of these miniature components is also costly. The 
corresponding port size, reported as 30 mm, is also relatively large due to these additional components. 
Conrad et al. have developed Interleaved Continuum-Rigid Manipulation with a soft, flexible robotic 
manipulator [8]. They use flexible shafts to remotely drive cable motion in the manipulator. While the 1 
DOF flexible continuum portion of the manipulator is small (6mm in diameter), the additional 2 DOF 
located in the proximal section is larger, and contains complex miniature gear transmissions. Ding et al. 
developed a single port robotic platform called IREP that allows for the insertion of two wire actuated 
snake-like robot arms and a laparoscope [9]. Titan Medical Inc. has also introduced a surgical system for 
minimally invasive abdominal surgical procedures called SPORT which is also a single port robotic 




3. Design and modeling for the manipulator tools 
The former researchers have achieved development of robotic platforms for multiport access 
and single port access. However, it is shown from the literature that there is a need for robotic surgical 
platforms with a high dexterity, small port size below 25 mm for true single port procedures. Former 
researchers from this research group have designed 6 DOF tendon-driven robotic manipulator tool 
capable of tissue palpation and dissection. Moreover, a serial insertion of three 8 mm manipulator tools 
are developed for the 16 mm trocar. 
3.1 Design overview 
We have made two main mechanical design innovations. The first, and arguably, the most crucial 
design innovation is the insertion trocar. We have developed an 18mm trocar (shown in Figure 1) that is 
capable of delivering 3 manipulator tools and a scope to the operating field as shown in Figure 2b. The 
trocar and required incision can be kept small by inserting tools, through the trocar, in serial (one after 
the other) as opposed to in parallel as is done traditionally. 
 
Figure 1) three tools (2 manipulators and scope) assembled in the custom trocar shown with the   
corresponding three motor drive units to the right (used to drive actuation cables).     
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 The manipulator drive motors were moved to one side of the tool shaft Figure 2c-d and an 
additional hinge was added to the manipulator to enable this specific insertion method. The second major 
mechanical design innovation is the 5+1 degree-of-freedom manipulator. Because the tools are inserted 
and assembled adjacent to one another at the distal end of the trocar, the manipulator Figure 2a needs 
additional degrees of freedom to achieve the required triangulation necessary in surgery. These two major 
mechanical design innovations enable a minimally invasive robotic platform that is more flexible and 
compact when compared to other existing single and multi-port robotic platforms. We are planning to 
design and fabricate a trocar positioning arm Figure 2 b to position and orient the trocar in the vicinity of 
the incision.    
 
Figure 2) manipulator tool prototypes. (a) 5+1 degree of freedom stainless steel manipulator prototype, 
(b) axial cross-section of the three tools assembled in the custom trocar, (c) one full manipulator tool with 
manipulator at left, long cable guide tube and motor drives on the right, (d) cutaway of tool motor drive 




3.2 Kinematics of the manipulator tool 
The size of the port and the trocar are highly dependent on the size of manipulator body shown 
in Figure 3. Key elements including the roll and flexure joints and cable routing were designed to minimize 
the cross-sectional diameter of the manipulator while maximizing the dexterity and force output at the 
end-effector. The tendons were routed through a hollow core at the center of the manipulator to 
minimize joint coupling effects. 
 
Figure 3) (a) cross-section of the manipulator showing the internal cable routing. (b) Two roll joints, two 
flexure joints and gripper direction provide 5+1 degrees of freedom 
Figure 3 shows a schematic of one robot manipulator. 5+1 DOFs are 𝑞𝑞1, 𝑞𝑞2, 𝑞𝑞3, 𝑞𝑞4 and two 
independently controlled grippers’ DOF 𝑞𝑞5 and 𝑞𝑞5′. The forward kinematics for the first three joints in 







𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞1) ∗ (𝐿𝐿3 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞2 +  𝑞𝑞3) +  𝐿𝐿2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞2))
𝑐𝑐𝑠𝑠𝑠𝑠(𝑞𝑞1) ∗ (𝐿𝐿3 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞2 +  𝑞𝑞3)  +  𝐿𝐿2 ∗ 𝑐𝑐𝑐𝑐𝑐𝑐(𝑞𝑞2))




where L1, L2, L3 are the link lengths between q1, q2; q2, q3; q3, q5 respectively. In this preliminary 
workspace analysis, we will neglect the action of the last two orientation DOF q4 and q5 and instead 
consider only the three positional DOF. Each of the flexure joints are limited to ±30° to ensure that the 
spring steel flexures remain in the elastic regime. Each roll joint is limited to ±180° to minimize twisting 
of tendons passing through the roll joints.  
From the expression described above, it can be seen that a single manipulator end-effector 
position traces a spherical volume. In this analysis, we will consider the intersection of two manipulator 
workspace volumes as a valid cooperative workspace. We attempt to maximize this intersecting 
cooperative workspace region.  
The inverse kinematics is needed for workspace analysis.  The first three joints have the same 
layout as a 3 DOF articulated robot arm with inverse kinematics equation as: 
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3.3 Working space analysis 
Researchers [6] claim that a workspace of 50x50x60 mm3 is needed for common laparoscopic 
procedures. The frame supporting the trocar can vertically move the manipulators, the actual workspace 
requirements would be the maximum working plane larger than 50x50 mm2. Two manipulators are 
required for laparoscopic procedures thus the intersecting volume of reachable space of the 2 
manipulators should be maximized. 
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The longest continuous horizontal line inside the intersecting region is the diameter of largest 
circular plane in the working volume. In order maximum the workspace, the following equations can be 
derived geometrically as: 
�
�(𝐿𝐿2 + 𝐿𝐿3)2 − (0.5𝑑𝑑)2 − 𝐿𝐿4 = ℎ
�(𝐿𝐿2 + 𝐿𝐿3 + 𝐿𝐿4)2 − ℎ2 = 𝑑𝑑 + �(𝐿𝐿2 + 𝐿𝐿3 − 𝐿𝐿4)2 − ℎ2
𝑥𝑥 = 2(0.5𝑑𝑑 + �(𝐿𝐿2 + 𝐿𝐿3 − 𝐿𝐿4)2 − ℎ2)
 
where 𝐿𝐿4 is the length of gripper, d is distance between the first links of each manipulator, and x is the 
longest continuous horizontal line inside the cross section. We found that the cooperative workspace is 
maximized when d=12mm. The optimized working space is shown in Figure 4. 
 
Figure 4 Optimized workspace result base distance 12mm (unit: mm) 
3.4 Dynamic model of the manipulator tool 
We formulated a dynamic model to better characterize the manipulator motion and tendon 
frictional effects. The equations of motion for the dual arm robot can be written in the following compact 
form: 
𝑀𝑀(𝑞𝑞)?̈?𝑞 + 𝐶𝐶(𝑞𝑞, ?̇?𝑞)?̇?𝑞 + 𝑔𝑔(𝑞𝑞) = 𝑆𝑆𝑇𝑇𝑢𝑢 + 𝐽𝐽𝑇𝑇(𝑞𝑞)𝐹𝐹 + 𝑆𝑆0𝑇𝑇𝑟𝑟 + 𝑓𝑓(𝑇𝑇, 𝑞𝑞) 
Note that 𝑞𝑞 ∈ 𝑅𝑅5 is the vector of generalized form of the 5 joint angles depicted in Figure 3, and 
?̇?𝑞 ∈ 𝑅𝑅5  is the corresponding vector of 5 joint angular velocity.  𝑀𝑀(𝑞𝑞) ∈ 𝑅𝑅5×5  is the inertial matrix, 
𝐶𝐶(𝑞𝑞, ?̇?𝑞) ∈ 𝑅𝑅5×5 is the centrifugal and Coriolis matrix, and 𝑔𝑔(𝑞𝑞) ∈ 𝑅𝑅5 is the vector of gravity forces. 𝑆𝑆 ∈
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𝑅𝑅5×5 is the joint selection matrix and 𝑢𝑢 ∈ 𝑅𝑅5 is vector of actuator torques,  𝑆𝑆𝑇𝑇𝑢𝑢 represents the actuated 
joint toques.  𝐽𝐽(𝑞𝑞) ∈ 𝑅𝑅2𝑘𝑘×5 is the Jacobian which maps the generalized joint velocities to the linear and 
angular velocities of the end-effector. 𝐹𝐹 ∈ 𝑅𝑅2𝑘𝑘×5 is the vector of forces and torques applied on the end-
effector. 𝐽𝐽𝑇𝑇(𝑞𝑞)𝐹𝐹  represents the outer forces and outer torques that applies on it.  𝑆𝑆0 ∈ 𝑅𝑅5×5  is the 
selection matrix which selects out the flexural joints 𝑞𝑞2 and 𝑞𝑞3.  𝑟𝑟 ∈ 𝑅𝑅5 is the vector of reaction force of 
flexural joints 𝑞𝑞2 and 𝑞𝑞3. 𝑆𝑆0𝑇𝑇𝑟𝑟 represents the reaction force from bending the flexural joints. 𝑓𝑓(𝑇𝑇, 𝑞𝑞) ∈
𝑅𝑅5×1 is the vector of friction which is affected by the tension in the tendon-sheath actuation system used 
to drive the joint angles.  
Euler-Lagrange equations can be used to derive the dynamics equations. For the 5-link robot 
described above, the linear and angular velocities of link 𝑠𝑠 is expressed in terms of the Jacobian matrix 
and the derivative of the joint variables: 
𝑣𝑣𝑖𝑖 = 𝐽𝐽𝑣𝑣𝑖𝑖(𝑞𝑞)?̇?𝑞,𝜔𝜔𝑖𝑖 = 𝐽𝐽𝜔𝜔𝑖𝑖(𝑞𝑞)?̇?𝑞 




?̇?𝑞𝑇𝑇�[𝑚𝑚𝑖𝑖𝐽𝐽𝑣𝑣𝑖𝑖(𝑞𝑞)𝑇𝑇𝐽𝐽𝑣𝑣𝑖𝑖(𝑞𝑞) + 𝐽𝐽𝜔𝜔𝑖𝑖(𝑞𝑞)𝑇𝑇𝐼𝐼𝑖𝑖𝐽𝐽𝜔𝜔𝑖𝑖(𝑞𝑞)] ?̇?𝑞 
where 𝑚𝑚𝑖𝑖  is the mass of link 𝑠𝑠, 𝐼𝐼𝑖𝑖  is the inertia matrix of link 𝑠𝑠 and is evaluated around a coordinate frame 
parallel to frame 𝑠𝑠 with the origin located at the center of mass.  
 
Figure 5 Simplified flexure joint kinematic model 
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In the case of rigid dynamics, the only source of potential energy is gravity. The potential energy 
can be computed by assuming that the mass of the entire object is concentrated at its center of mass and 
is given by: 
𝑃𝑃 = �𝑃𝑃𝑖𝑖 = �𝑔𝑔𝑇𝑇𝑟𝑟𝑖𝑖𝑚𝑚𝑖𝑖 
where g is the vector giving the direction of gravity in the inertial frame and the vector 𝑟𝑟𝑖𝑖  gives the 
coordinates of the center of mass of link 𝑠𝑠.  
The Euler-Lagrange equations for a robotic system can then be stated as following: 
𝐿𝐿 = 𝐾𝐾 − 𝑃𝑃 =
1
2 ?̇?𝑞




































The Euler-Lagrange equations can also be written in matrix form as: 
𝑀𝑀(𝑞𝑞)?̈?𝑞 + 𝐶𝐶(𝑞𝑞, ?̇?𝑞)?̇?𝑞 + 𝑔𝑔(𝑞𝑞) = 𝜏𝜏 
This dynamics model without the consideration of friction model is built.
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4. Control algorithm for manipulator tools and experimental results 
In order to achieve the goal of mapping the arm operating to the internal operating zone with 
minimal invasiveness, specific control schemes should be established. Different algorithms for 
controlling the manipulator tools are stated. Moreover, experimental results are presented to prove the 
effectiveness for the control algorithms. 
4.1 Teleoperation scheme 
An overview of the basic electronics layout used to control one 6 degree-of-freedom 
manipulator is shown in Figure 6. 
 
Figure 6 basic electronics layout of manipulator 
Phantom Omni pen device are used to record the hand/arm movement from the operator. The 
movement information is then sent to the computer for computing the kinematics information. Then 
control signals are calculated in computer and sent to interpolator, which distributes to each of the 6 
servo control cards to update each reference position. Each servo control board is connected to a 
Faulhaber 12V DC servo gearmotor to drive the manipulator. 
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4.2 Control scheme 
The main idea of this control scheme is to choose the control effort u according to the equation 
so that the system is linear: 
𝑆𝑆𝑇𝑇𝑢𝑢 = 𝑀𝑀(𝑞𝑞)𝑎𝑎 + 𝐶𝐶(𝑞𝑞, ?̇?𝑞)?̇?𝑞 + 𝑔𝑔(𝑞𝑞) − (𝐽𝐽𝑇𝑇(𝑞𝑞)𝑓𝑓 + 𝑆𝑆0𝑇𝑇𝑟𝑟) 
where 𝑎𝑎 represents a new input to the system which needs to be selected. This means that for each joint 
k, 𝑎𝑎𝑘𝑘 can be designed to control a scalar linear system. Moreover, if it is assumed that 𝑎𝑎𝑘𝑘 is a function 
only of 𝑞𝑞𝑘𝑘 and its derivatives, then 𝑎𝑎𝑘𝑘 will affect 𝑞𝑞𝑘𝑘 independently of the motion of the other links. Since 
𝑎𝑎𝑘𝑘 can be designed to control a linear second order system, 𝑎𝑎 can be chosen as follows:  
𝑎𝑎 = −𝐾𝐾0𝑞𝑞 − 𝐾𝐾1?̇?𝑞 + 𝑟𝑟𝑑𝑑 
where 𝐾𝐾0 and 𝐾𝐾1 are diagonal matrices with diagonal elements consisting of position and velocity gains, 
so that the tracking error 𝑒𝑒(𝑑𝑑) = 𝑞𝑞 − 𝑞𝑞𝑑𝑑  satisfies the following equation: 
𝑒𝑒(𝑑𝑑)̈ + 𝐾𝐾1𝑒𝑒(𝑑𝑑)̇ + 𝐾𝐾0𝑒𝑒(𝑑𝑑) = 0 
The overall system is close-looped and is globally decoupled, with each joint response equal to 
the response of a critically damped linear second order system. 
The error for position tracking of the end-effector is less than 2%. We also see that error is not 
linear, which implies that source of the error is not linear with respect to angular displacement of the 
joints. The inverse dynamics control result for joint angular movement is shown in Figure 7. The 




Figure 7 tracking error 
4.3 Friction Model and friction compensation 
Although the tendon-sheath remote actuation system has a low reasonably low coefficient of 
friction, we suspected that friction in the system would change depending on the bending or twisting of 
the joints. Tendon-sheath systems are also generally susceptible to backlash. Both of these phenomena 
can cause nonlinear motion of the tendon controlled joint. However, to minimize backlash in the system, 
a pretension was applied to all of the tendons. While this served to reduce backlash, it also increased 
normal forces which serve to further increase frictional forces. Therefore, we have chosen to model of 
friction here. 
4.3.1 General infinitesimal element analysis for friction: 
Considering the manipulator motion, the force is transmitted through tendon-sheath. When the 
tendon-sheath contacts with the manipulator metal surface, the normal force will introduce friction[11]. 
We use infinitesimal element analysis here to generate a general model for friction. 
Assume that the angle between input tendon and output tendon is 𝜃𝜃𝑝𝑝, as shown in Figure 8. Then 
the force equation along the radius:  
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where, 𝐹𝐹𝑟𝑟  is the reactional force on tendon-sheath along the radius direction, 𝑇𝑇  is the pulling forces 
applied to the tendon-sheath. Assume that T varies little in the Infinitesimal. The 𝑑𝑑𝐹𝐹𝑟𝑟  can be derived:  
𝑑𝑑𝐹𝐹𝑟𝑟 = 𝑇𝑇𝑑𝑑𝜃𝜃 
 
Figure 8 Infinitesimal element analysis of the cable 
Denote the constant friction coefficient between the cable and sheath as 𝑓𝑓, the total friction 
force on a cable-sheath that has a span of 𝜃𝜃𝑝𝑝 is calculated as below: 







4.3.2 Roll joint contribution to friction 
The first three DOF (shoulder roll joint, shoulder flexure joint and elbow flexure joint) fully 
define the position of end-effector in space and. For simplicity, the last 3 orientation DOF are neglected 
in this analysis. Due to tendon routing, the deflection of the first roll joint affects the friction in the 
tendon-sheath system actuating the second and third joints. Here we consider the extra 6 tendons used 
to control the 3 DOF of the gripper as static. These tendons form a bundle in the middle of the active 
tendons as shown in Figure 9a. There are 4 tendons outside the bundle that control the two flexure 
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joints. All of the tendons passing through the shoulder roll joint become twisted as the joint rotates 
through an angular displacement 𝑞𝑞1 as shown in Figure 9b. 
 
Figure 9(a) Sectional setting of cables inside a shoulder joint (b) Comparison of cables inside a shoulder 
joint for initial setting and after actuation 
There are two components that need to be taken into consideration. The first is the friction 
term that affects all four tendons, actuating joint 2 and 3, equally. To simplify the problem, we consider 
one tendon transitioning from straight to a coiled configuration. The length of the contact line around 
the inner bundle is increased by the commanded angle 𝑞𝑞1. From the infinitesimal element analysis of 
the cable, derived previously, the friction is: 




where the 𝑇𝑇𝑞𝑞𝑖𝑖  is the tension in tendons of joint 𝑠𝑠. And 𝑓𝑓𝑞𝑞𝑖𝑖  denotes the friction on joint 𝑠𝑠 occurring due to 
twisting in the roll joint. 
The second aspect that cylinder-coiling configuration would affect is the tension inside outer 
cables. As the tendons twist around the inner bundle, they are stretched which produces additional 
tension in the tendon. For a cylinder with height ℎ and radius 𝑅𝑅, and a commanded angular movement 𝑞𝑞1 












where E is the Elastic modulus of stainless steel and 𝑙𝑙 is the total length of one cable. 
 So, for 𝑞𝑞2 and 𝑞𝑞3 in following derivation, the tension 𝑇𝑇𝑞𝑞𝑖𝑖′ = 𝑇𝑇𝑞𝑞𝑖𝑖 + 𝑇𝑇𝑐𝑐𝑖𝑖. 
4.3.3 Flexural joint contribution to friction 
At each flexural joint, the tendon-sheath systems passing through the joint are also deflected by 
the commanded angle to that joint as shown in Figure 10. 
 
Figure 10 Friction in flexural joint 
Using the same infinitesimal element analysis as before, we can derive the friction for cable of 
joint 𝑗𝑗 inside joint 𝑠𝑠 as:  




4.3.4 Friction Simulation Results 
To better understand the interaction between the two friction models discussed above, we 
performed a friction simulation by including these additional terms in the dynamics model. 
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The new friction terms are added to the force dynamics equations. Figure 11 shows the results 
of this friction simulation. In Figure 11a. we see that the friction forces grow to a maximum value of 
approximately 0.3 N for all joints as each reaches its maximum angular displacement of ±50 degrees. It 
can be seen that, as the first roll joint is actuated, the friction in the second and third joint increases 
nonlinearly. Figure 11b shows the change in friction seen by joint 3 as joint 2 is set to the +60 and -60 
degree configurations. 
 
Figure 11 (a) Shows the friction in joints 1, 2, and, 3 (2 and 3 overlap) as they are independently actuated 
form -50 to +50 degrees. (b) Friction force on joints 3 as it is actuated from -50 to +50 degrees while joint 
2 is set to -60 or +60 degrees configuration.
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5. Design for the supporting frame 
From chapter 3 and 4, a comprehensive prototype of the manipulator tool and the insertion 
trocar system has been stated. There is still a need to complete the design fabrication of a positioner 
arm to orient and stabilize the trocar in the vicinity of the incision. Thus far a motor-driven 3+1 degree-
of-freedom arm (shown in Figure 12) to be attached to a standard operating table has been designed.  
 
Figure 12 design overview 
This design enables 3 axis of rotation: roll, pitch and yaw for the incision trocar and tools, and 1 
translation on the depth control. Roll is achieved by belt transmission using DYN2 AC Servo Motor, pitch 
is achieved by gearbox transmission using DYN2 AC Servo Motor, yaw is achieved by directly driving the 
rotation on tool using Faulhaber Brushless DC-Servomotor. The additional depth control is achieved by 
Faulhaber Brushless DC-Servomotor driving a leadscrew to move the traveling block which is attached 
with whole trocar-assemble frame. 
5.1 Design for the fixed pivot point for incision 
For laparoscopic surgery, there will be incisions made on patients that allow tools to get 
through. For single port laparoscopic surgery (SPLS), it would be vital to keep the incision point fixed 
during the whole surgery procedure, for reducing the recovery time of patients and ensuring the safety 
during surgery. Thus, a fixed pivot point on the holding frame is needed for the trocar incision. 
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In order to achieve this functionality, a four bar structure is used for transmitting the torque. The 
simplified structure scheme is shown in the Figure 13, where length of bar 1 equals to bar 4, length of 
bar 3 equals to bar 2. 
 
Figure 13 Simplified four bar structure  
As bar 1 to bar 4 form a parallelogram 1, and as bar 1, bar 3, bar 4 and bar 5 form a 
parallelogram 2, the diagonal angles of the parallelograms are remained to be same. As the first degree 
of freedom 𝜃𝜃1 changes, though the parallelograms change into a different plane, the end of bar 4 which 
is the incision/pivot point remains in the same position in space. As the second degree of freedom 𝜃𝜃2 
changes, as bar 5 is fixed, the second parallelogram has two fixed points that remain in the same 
position: the intersecting points of bar 1 and bar 5, and the intersecting points of bar 4 and bar 5. The 
latter one is also the end point of bar 4, which is the incision/pivot point. The last rotational degree of 
freedom is on bar 4 itself, which won’t change the space position of bar 4. So far, if this structure is 
carried out in fabrication, then the end point of bar 4 will be the pivot point which allows a fixed 
incision. 
5.2 Motor placement and selection 
As the supporting frame is a motor-driven 3+1 degree-of-freedom arm, the last two degree of 
freedoms are yaw of the manipulator tool(which is the rotation on bar 4 itself) and the incision depth 
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control(which is the linear translation on bar 4). As the manipulator tool(bar 4) is light-weighted 
comparing to the 4 bar structure (bar 1, bar 2, bar 3, bar 5), the relative driving torque on degree 3 and 
degree 4 would be small. However, the driving torque for degree 1 and degree 2 would be large, which 
leading to large motors. In order to reduce the driving torque, a specified motor placing strategy should 
be carried out. We proposed the following transmission in Figure 14. 
 
Figure 14 motor torque transmission. 
The bottom motor is driving the first degree of freedom 𝜃𝜃1 using belt-gear transmission. The top 
motor is driving the second degree of freedom 𝜃𝜃2 using gear box of ratio 2:1. Using this certain 
structure, we are placing the motor 2 not only the linkage of bar 3, but on the bottom side, which 
reduces the weight and required torque for driving the system. 
In order to reduce the complexity in building software and drive cards, minimal amount of 




For axis 1 and axis 2: 
 
Figure 15 a. Max torque configuration for axis 1(roll) b. Max torque configuration for axis 2(pitch) 
The maximum required torque is: 
(𝑚𝑚𝑏𝑏2 + 𝑚𝑚𝑡𝑡)𝑔𝑔𝑙𝑙𝑏𝑏2 + (𝑚𝑚𝑏𝑏1)𝑔𝑔𝑙𝑙𝑏𝑏1 ≈ 5𝑁𝑁𝑚𝑚 
where 𝑚𝑚𝑏𝑏𝑖𝑖 stands for mass of i-th bar, 𝑚𝑚𝑡𝑡  stands for mass of the manipulator tool, 𝑔𝑔 stands for gravity 
constant, 𝑙𝑙𝑏𝑏𝑖𝑖 stands for length of i-th bar. 
DMM DYN2 series motor is chosen for first 2 axis: 
Motor DMM DYN2 
Rated torque 3Nm 
Frame size 86mm 
Rated Speed 3000rpm 
Gearbox ratio(needed) 2-10 
Table 1: DMM DYN2 motor main parameter 
24 
 
As the axis 4(translation for insertion depth) has a lead screw for driving the tool, only axis 
3(yaw) is taken into consideration: 
𝑇𝑇 = 𝑚𝑚𝑡𝑡𝑔𝑔 ∗ 𝑆𝑆/2𝐿𝐿/𝑒𝑒𝑓𝑓𝑓𝑓𝑠𝑠 ≈ 0.02𝑁𝑁𝑚𝑚 
where  𝑚𝑚𝑡𝑡  stands for mass of the manipulator tool, 𝑔𝑔 stands for gravity constant, S stands for the  
Since the frame size of the motor should be less then 30mm, Faulhaber Brushless DC-Servomotors series 
3056b is picked for both axis 3 and axis 4: 
Motor Faulhaber Series 3056 
Rated torque 0.03Nm 
Frame size 30mm 
Length 56 mm 
Gearbox ratio(may need to slow rotation down) / 
Table 2: Faulhaber Brushless 3056b motor main parameter 
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6. Kinematics, dynamics and control scheme of the supporting frame 
6.1 Kinematics, dynamics of the supporting frame 
As described in Chapter 5, a specific structure for placing the motors that reduces the requiring 











where 𝜃𝜃𝑖𝑖 stands for i-th degree of freedom rotation, 𝑀𝑀𝑖𝑖 stands for i-th degree of freedom motor angular 
travel. 
For simplicity, in the following equation and illustration, we will use the notation of 𝜃𝜃𝑖𝑖(real 
rotation) instead of 𝑀𝑀𝑖𝑖(motor rotation). 
Since the most heavy-duty parts are first 2 axis, it is vital to analysis the dynamics related to two 
AC servo motors. For modeling the system dynamics, we can regard the truss as bar with mass at the 
geometry center. 
The mechanical modeling for the supporting frame is stated as following Figure 16 using truss 
replacement. 
 
Figure 16 Modeling for supporting frame 
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where Length, mass, radius for each bar are denoted as 𝑙𝑙𝑙𝑙,  𝑚𝑚𝑙𝑙,  𝑟𝑟𝑙𝑙, 𝑙𝑙=1,2,3. Angular travels for first and 
second axis are denoted as 𝜃𝜃1,𝜃𝜃2. 
As first and second axis are well decoupled, which means the dynamics functions are clear by 
calculating the required torque on each axis. 
Axis 1: 





























2 + 𝑚𝑚3𝑔𝑔 �𝑟𝑟2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 +
𝑟𝑟3
2� + 𝑚𝑚4𝑔𝑔(𝑟𝑟2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2 + 𝑟𝑟3 +
𝑟𝑟2𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃2
2 ) 
Using the same structure as stated in chapter 3, the equations of motion for the dual arm robot 
can be written in the following compact form: 
𝑀𝑀(𝑞𝑞)?̈?𝑞 + 𝐶𝐶(𝑞𝑞, ?̇?𝑞)?̇?𝑞 + 𝑔𝑔(𝑞𝑞) = 𝜏𝜏 
Note that 𝑀𝑀(𝑞𝑞) ∈ 𝑅𝑅2×2 is the inertial matrix, 𝐶𝐶(𝑞𝑞, ?̇?𝑞) ∈ 𝑅𝑅2×2 is the centrifugal and Coriolis matrix, 




6.2 Control scheme of the supporting frame 
An overview of the basic electronics layout used to control the 3+1 degree of freedom 
supporting frame is shown in Figure 17. 
 
Figure 17 control scheme of supporting frame 
Phantom Omni pen device are used to record the hand/arm movement from the operator. The 
movement information is then sent to the computer for computing the kinematics information. Then 
control signals are calculated in computer and directly sent to 4 servo control cards within serial port 
communication to update each motor reference position. After the supporting frame is set for proper 




7. Control algorithm for supporting frame and experimental result 
The main goal of this chapter is to develop control algorithm that satisfies the demand of 
trajectory tracking and gravity compensation. As the gravity compensation is specifically important in 
initialization for posing the surgical tool into a proper position, there is a mode selection in between the 
trajectory tracking and gravity compensation, so that the performance of initialization is certainly 
ensured. 
7.1 Trajectory tracking 
As the dynamic equation of the supporting frame is stated in chapter 6, the main idea of this 
control algorithm is to choose the control effort u according to the equation so that the system is linear: 
𝑆𝑆𝑇𝑇𝑢𝑢 = 𝑀𝑀(𝑞𝑞)𝑎𝑎 + 𝐶𝐶(𝑞𝑞, ?̇?𝑞)?̇?𝑞 + 𝑔𝑔(𝑞𝑞) − (𝐽𝐽𝑇𝑇(𝑞𝑞)𝑓𝑓 + 𝑆𝑆0𝑇𝑇𝑟𝑟) 
where 𝑎𝑎 represents a new input to the system which needs to be selected. This means that for each joint 
k, 𝑎𝑎𝑘𝑘 can be designed to control a scalar linear system. Moreover, if it is assumed that 𝑎𝑎𝑘𝑘 is a function 
only of 𝑞𝑞𝑘𝑘 and its derivatives, then 𝑎𝑎𝑘𝑘 will affect 𝑞𝑞𝑘𝑘 independently of the motion of the other links. Since 
𝑎𝑎𝑘𝑘 can be designed to control a linear second order system, 𝑎𝑎 can be chosen as follows:  
𝑎𝑎 = −𝐾𝐾0𝑞𝑞 − 𝐾𝐾1?̇?𝑞 + 𝑟𝑟𝑑𝑑 
where 𝐾𝐾0 and 𝐾𝐾1 are diagonal matrices with diagonal elements consisting of position and velocity gains, 
so that the tracking error 𝑒𝑒(𝑑𝑑) = 𝑞𝑞 − 𝑞𝑞𝑑𝑑  satisfies the following equation: 
?̈?𝑒(𝑑𝑑) + 𝐾𝐾1𝑒𝑒(𝑑𝑑)̇ + 𝐾𝐾0𝑒𝑒(𝑑𝑑) = 0 
The overall system is close-looped and is globally decoupled, with each joint response equal to 
the response of a critically damped linear second order system. 





Figure 18                  (a) axis 1 sine wave tracking                        (b) axis 2 sine wave tracking  
The result shows that after certain period of time (in 10s), both axes achieve good tracking 
performance with an error rate less than 5%. The performance of axis 1 is smoother, while the 
performance of axis includes small perturbation in the starting phase, and cannot reach zero tracking 
error. This is generally caused by the backlash in the shaft coupling, as the backlash adds a delay 
whenever the trajectory changes direction, the control performance is limited. 
7.2 Gravity Compensation 
Despite the backlash in the direction changing, the dynamics and the structure is robust and 
with less uncertainty and disturbance, and the friction in the system is respectively low with bearings. 
Thus, the modelling for the system should be accurate enough to apply the model reference adaptive 
control (MRAC) algorithm. 
A model-reference adaptive control (MRAC) system can be schematically represented by Figure 
19. It is composed of four parts: a system containing unknown parameters, a reference model for 
specifying the desired output of the control system, a feedback control law containing adjustable 





Figure 19 MRAC scheme 
The reference model is used to specify the ideal response of the adaptive control system to the 
external command. It defines the ideal system behavior that the adaptation mechanism should seek in 
adjusting the parameters. The main point of this algorithm is to incorporate a reference model defining 
desired closed loop performance, adaptive laws are taken to adjust the controller parameters so that 
perfect tracking is asymptotically achieved. 
MRAC will be used to reduce the nonlinearity of the system and track the linear reference model 
performance. Represent the system in the following form: 
?̇?𝑥 = 𝐴𝐴𝑥𝑥 + 𝑊𝑊𝑊𝑊(𝑥𝑥) + 𝑏𝑏𝑢𝑢 
where 𝑥𝑥 ∈ 𝑅𝑅2 is a vector of �?̇?𝑞𝑞𝑞�, 𝐴𝐴 ∈ 𝑅𝑅
2×2 is a matrix that represents the linear part in the state space 
representation, 𝑊𝑊𝑊𝑊(𝑥𝑥) ∈ 𝑅𝑅2 is a vector that represents the nonlinear part in the system, 𝑢𝑢 ∈ 𝑅𝑅2 is a 
vector that represents input. 
As the specific demand of gravity compensation, the required reference model should be high-
damp second order system. Let the reference model be the following: 
?̇?𝑥𝑚𝑚 = 𝐴𝐴𝑚𝑚𝑥𝑥𝑚𝑚 + 𝑏𝑏𝑚𝑚𝑟𝑟 
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where 𝑥𝑥𝑚𝑚 ∈ 𝑅𝑅2 is a vector of the state of the reference model, 𝐴𝐴𝑚𝑚 ∈ 𝑅𝑅2×2 is a Hurwitz matrix, 𝑟𝑟 ∈ 𝑅𝑅2 is 
a vector that represents reference. 
The direct adaptive reference feedback is defined as: 
𝑢𝑢 = −𝑊𝑊� 𝑇𝑇𝑊𝑊(𝑥𝑥) − 𝐾𝐾𝑥𝑥 + 𝑟𝑟 
where 𝐾𝐾 ∈ 𝑅𝑅2×2 is a chosen matrix such that, 
𝐴𝐴𝑚𝑚 = 𝐴𝐴 − 𝐵𝐵𝐾𝐾 
And the following adaptive law gives the estimate of the unknown parameters: 
?̇?𝑊 = −Γ𝑊𝑊(𝑥𝑥)𝑒𝑒𝑇𝑇𝑃𝑃𝐵𝐵 
where Γ is the adaptive gain, 𝑃𝑃 = 𝑃𝑃𝑇𝑇 > 0 solves the algebraic Lyapunov equation for arbitrary 𝑄𝑄 > 0: 
𝐴𝐴𝑚𝑚𝑇𝑇 𝑃𝑃 + 𝑃𝑃𝐴𝐴 = −𝑄𝑄 
And 𝑒𝑒 is the error between true state 𝑥𝑥 and 𝑥𝑥𝑚𝑚. 
Since the gravity compensation mainly used in the manual posing of supporting frame, the 
reference signal of the manual posing can be considered as step input signal. (while manual posing of 
the frame is hard to measure performance.) 
The corresponding result for tracking step input is shown in Figure 20. 
 




The result shows that both axes achieve good tracking performance with an error rate less than 
5%. The performance of axis 1 is more accurate, while the performance of axis has higher steady state 
error. This may also be caused by the backlash in the shaft coupling. But the overall gravity 
compensation is successful that manual posing of supporting frame is easily achieved.
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8. Conclusion and future work 
8.1 Conclusion 
In this work a new solution for a robotic surgical platform including design and control of serial 
inserted manipulator tools are presented as well as the 3+1 DOF supporting frame has been completed. 
The proposed design differs from the previous robotic surgical platform presented in the literature since 
it does not involve the complexity in design and has an incision port size of 16 mm. Meanwhile, serial 
insertion of multiple tools is realized and 5+1 DOF manipulator tool are integrated on the robotic platform.  
The innovative mechanical design of manipulator is discussed. For precisely commanding and 
controlling the manipulator tool, inverse dynamics control based on dynamic model is carried out. There 
is error when experiment is carried out, it is claimed that the most significant reason is friction. Thus, a 
nonlinear friction model is built, and friction compensation is carried out. 
The light-weighted mechanical design of supporting frame is discussed. For precisely commanding 
and controlling the supporting frame, inverse dynamics control based on dynamic model is carried out. 
Also, gravity compensation worked out well for conveniently manual posing of supporting frame.  
Software and control scheme are also well developed for this work. 
8.2 Future work 
We would like to improve the mechanical structure of the supporting frame as to have a better 
tracking performance. Currently the shaft coupling in second axis is causing backlash, which significantly 
limits the steady state error. A better way to figure out this design flaw should be carried out. 
We would also integrate a new vision system that captures and transfers the inner sights to the 
surgeons. Introduce one additional tool which end-effector are consist of two micro fiber optics camera, 
enabling precise depth detection for clear manipulator-tissue interacting information. With the 
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embedded fiber optical camera, a vision-based sensing workflow will be developed for 3D tracking, pose 
estimation and scene reconstruction. As the proposed work been finished, the robotic surgical platform 
has multi tool insertion scheme and a high-fidelity imaging system, carrying out image-based AI analysis, 
improving surgical contact analysis via 3D reconstruction by providing haptic feedback geo feedback, and 
open up new surgery types which limits with small incision. 
We would also try to examine our whole system performance. The validation on system will be 
testing our algorithms and mechanical robustness by creating silicon based phantom models (3D printed 
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